.SYNOPSIS: A functional explanation is presented for the shift of the reptilian articular and quadrate into the mammalian middle ear to become the malleus and incus. Modification of the masticatory apparatus of therapsids results in reduction of stresses on the jaw joint and consequently in reduction of posterior elements of the jaw. In the late therapsid, JiienoIherium, the quadrate and post-dentary jaw bones resemble the mammalian malleus and incus which together form a lever. The therapsid articular possesses a downturned retroarticular process (for insertion of M. depressor mandibulae) homologous with the manubriuni (force lever arm) of the malleus. About the time of origin of the mammalian (dentarysquamosal) jaw joint and following the origin of the mammalian depressor, the reptilian depressor is lost. This allows the enlarging reptilian tympanum to become attached to the retroarticular process. The new lever system thus formed by articular and quadrate increases the sensitivity of the ear and the reptilian one-bone system is replaced. In early mammals the reflected lamina of the angular migrates posteriorly with the angle of the dentary so that it contacts and assumes support of the tympanum. Non-homology of the monotreme and therian depressors indicates a multiple origin of the mammalian middle ear.
Comparative anatomical studies of the nineteenth and early twentieth centuries demonstrated the surprising fact that two of the three tiny bones of the sound-conducting mechanism of the mammalian middle ear could be identified in reptiles as the bones forming the joint between the skull and lower jaw, having no part in the conduction of sound. Studies of living reptiles and mammals have not yielded explanations as to how and why these bones were transferred from the jaw to the ear, but paleontological evidence is now available which allows the probable sequence of events leading to the mammalian middle ear to be worked out in some detail. The following is a brief presentation of the main points of this story, with emphasis on the stages immediately preceding the actual transition from a reptilian to a mammalian type of middle ear.
1
The sound-conducting mechanism of the middle ear of reptiles and other non-mammalian tetrapods consists of a relatively large superficial tympanum connected by a rod-like stapes to the small fenestra ovalis in the otic capsule (Fig. 1A) . The system functions as a piston in which weak pressure changes (i.e., sound vibrations) in the 1 A more detailed study of the problem is being prepared for publication.
air activate the large tympanum and attached stapes and are transformed at the fenestra ovalis into strong pressures on the fluid of the inner ear, the amount of amplification being equal to the ratio of the area of the tympanum to that of the footplate of the stapes.
In the history of mammals a major reorganization of the ear region occurred which introduced several new elements into the transformer mechanism of the middle ear and thereby added a lever system to ihe primitive tetrapod piston. The new elements, interposed between tympanum and stapes, are the malleus, attaching to the tympanum, and the incus, inserted between malleus and stapes ( Fig. IB) . In addition, a third bone, the ectotympanic, which supports the tympanum, is common to all mammals but does not occur in reptiles.
The homologies of the bones of the middle ear of mammals with elements in the jaws of reptiles are most clearly demonstrated by comparing the lower jaw and adjacent structures of an embryonic mammal (or pouch young of a marsupial) with those of an advanced mammal-like repti'le (see Fig. 2 ). The malleus is a composite bone formed primarily by the ossification of the posterior end of Meckel's cartilage, as is the articular of reptiles, but having a (437) dermal component, the goniale, which is usually homologized with the reptilian prearticular. The incus, articulating as it does in the mammalian embryo with the posterior end of Meckel's cartilage, is clearly homologous with the reptilian quadrate. The ectotympanic is derived from the reptilian complexes involved in the disparate activities of feeding and hearing underwent such a radical reorganization in the evolution of mammals from reptiles have yet to be explained with reasonable satisfaction. There are two quite distinct aspects to the problem which I believe are best treated separately: (1) how and why were the articular, quadrate, and other elements released from their primitive function of supporting and forming the lower jaw? (2) once they were released from the jaws, how and why did these elements become incorporated into the mechanism of the middle ear (rather than simply being lost)?
As a result of the studies of Parrington (1934) , Watson (1953) , and Crompton (I9G3), as well as unpublished work by Dr. Herbert Barghusen and myself, it is now possible to discuss the evolution of the therapsid masticatory apparatus in terms of changes occurring in an adapted functional system. The principal features of this history are outlined here.
The dentary of advanced pelycosaurs is a large bone which extends well back toward the articulation on the outer side of the mandible; when an increase in the mass of the external adductor musculature in these early synapsids led to an outward shift of part of its area of attachment, this musculature came to insert on the upper and outer border of the dentary (Fig. 3A) . The subsequent reduction in height of the skull and development of a coronoid process on the postero-dorsal part of the dentary in primitive therapsids (Fig. 3B) Crompton.) that it pulled almost directly posteriorirather than dorsally. With this change is the direction of the forces applied to th lower jaw, the post-dentary bones no longeil required great dorso-ventral height, which! gave them girder strength to resist dorsally-l directed forces; consequently they became! reduced to a stout rod oriented to counterl the nearly horizontal forces at the jaw jointl (Fig. 3C, D) . The squamosal developed al flange which buttressed the quadrate from! behind and took up the stresses transmitted! to the quadrate from the lower jaw. Thus,! the quadrate became reduced in height andl loosely attached to the skull. Differentiation; of the jaw muscles in advanced therapsids and the forward migration of their inser-' tions caused an increase in the amount of force that these muscles could exert at the dentition but a decrease in the amount of force transmitted to the jaw joint. This resulted in a further increase in the size of the dentary, to which the bulk of jaw muscles attached, and a progressive decrease in the size of the post-dentary elements and the quadrate (Fig. 3E, F ).
During Late Triassic time, the culmination of these trends was reached when the expanded dentary finally made direct contact with the squamosal, forming a new articulation of the lower jaw with the skull (Fig. 3G, H ). From this point on, the postdentary elements and the quadrate were gradually phased out of the jaw support as the dentary condyle expanded and became increasingly stronger. We thus return to the second main question: how and why were these accessory elements of the jaw taken into the middle ear?
This a much harder problem to deal with, first, because of the relative rarity of material representing important late evolutionary stages, and, second, but no less important, because of the difficulty of reconstructing critical soft parts necessary for understanding the structure of the middle ear in the immediate ancestors of mammals. The latter consideration is of great importance, as we shall see, because the position and size of the therapsid tympanic cavity and eardrum, and the homology or 'ion-homology of these structures with those Jin mammals are central considerations in all .heories which try to explain how the transition occurred.
The main purpose of this paper is to pre-;ent new data on the ear region of Bieno\tlierium, a Late Triassic tritylodontid therpsid which was a contemporary of the earli|est true mammals. Though still a reptile, ith only the quadrate and articular formling the articulation of the jaw, Bienother\ium nevertheless shows a far closer resemJblance to mammals in its ear region than does any other known therapsid. It indicates quite clearly, 1 believe, how the mammalian middle ear could have originated from that of a late therapsid.
THE EAR REGION OF A PRIMITIVE CYNODONT
Before proceeding to the rather atypical therapsid ear of Bienotherium, I shall first describe the ear region of the well-known Early Triassic cynodont, Thrinaxodon, as an example of a typical advanced therapsid. An animal such as Thrinaxodon gave rise to both the mammals and Bienotherium in Late Triassic time.
The basic features of the ear region of Thrinaxodon, as illustrated in Figure 4 , are:
1) A middle ear cavity, the limits of which can be determined by the borders of the antero-ventrally hollowed-out paroccipital process, the lateral flange of the prootic, and the quadrate rami of the pterygoid and epipterygoid. It was a cul-de-sac at the end of a wide Eustachian tube such as is seen in lizards, and, as far as can be determined from osteological evidence, was basically no different from that of a lizard.
2) An external auditory meatus is indicated by a groove in the squamosal leading from the outer rim of the flaring zygomatic arch backward, downward, and inward to a termination at a broad notch in the posterior part of the squamosal just behind the quadrate and lateral to the paroccipital process. The external auditory meatus in life was probably a cartilaginous tube similar to that of living monotremes. 3) The tympanum was located in the emargination in the squamosal at the inner end of the external auditory meatus. It lay behind the quadrate but may not have contacted it.
4) The stapes is relatively large but lightly built, being pierced by a large stapedial foramen. Its slightly concave proximal end is in broad contact with the lip of the fenestra ovalis and its rounded distal end has a limited contact with the medial surface of the quadrate. It has a prominent dorsal process extending up to the distal end of the paroccipital process. There was presumably a small cartilaginous ex Iras tape dial process at its posterolateral end which attached to the tympanum. A contact between the distal end of the stapes and the medial face of the quadrate is a feature common to all mammal-like reptiles; its functional significance is poorly understood.
5) The quadrate is a small element but with a broad articulating surface for the lower right) medial, ventral, anterior, and lateral. (A modified from Estes, ear region based on specimens; B and C original; D from Estes.) Abbreviations following Fig. 1. articular. It is set in a hollow in the anterior face of the squamosal. Although loosely connected with the skull, it nevertheless appears during life to have been held firmly in place by the quadrate ramus of the pterygoid and the lateral flange of the prootic, by the quadratojugal (which itself was firmly held by the squamosal), and by the stapes.
6) The articular of the lower jaw has a downturned process, the retroarticular process, on which the jaw-opening muscle, the depressor mandibulae, inserted. It is important to note that, contrary to the condition in lizards, both the muscle and the process on which it inserted lay entirely lateral to the deep tympanum so that they could not have interfered with the functioning of the tympanum when the jaws were opened.
The functional aspects of the cynodont middle ear are not well enough understood to allow much to be said about their acuteness of hearing. The fenestra ovalis is very large relative to the apparent size of the tympanum, having about one-ninth or less the area of the latter, so that the sensitivity of the ear to airborne sound probably was not nearly so great as it is in living reptiles.
THE EAR REGION OF Bienotherium
Bienotherium is a Late Triassic tritylodontid cynodont, one of the last and most mammal-like of therapsid reptiles. It is a highly-specialized herbivore not in the direct ancestry of mammals. However, in view of the high probability that the ancestors of mammals were also cynodonts, and considering the great amount of parallelism evident in cynodont evolution, I believe a study of the car region of Bienotherium has validity for understanding the origin of the ear of mammals.
In Bienotherium the dentary is very large and the reduced accessory jaw bones form a nearly-cylindrical rod lying in a trough in its medial surface (Figs. 3F, 5A ). The reflected lamina of the angular is quite reduced and lies well in front of the articulation, just above the angular process of the dentary.
In ventral view (Fig. 5D ) the ear region shows several significant differences from that of Thrinaxodon and most other cynodonts. The distal end of the paroccipital process is expanded antero-posteriorly and divided into two prominent processes. The posterior of these is possibly homologous tentration (in this case, at the point of greatest displacement of the tympanum).
2) The force lever arm must be longer than the resistance lever arm.
3) The joint connecting the two lever arms must be immovable and must lie on the axis of rotation. 4) Both elements of the lever system should be suspended at either end of the axis of rotation so as to allow free rotation through an optimal arc.
5) The power source {i.e., tympanum) must be attached to the force lever arm only; the resistance lever arm must be free so as not to "short-circuit" the lever system.
CONVERSION OF ARTICULAR AND QUADRATE TO MALLEUS AND INCUS
With these general functional requirements defined, let us return to the articular elements of Bieiiotheriiun to determine what changes would be required to convert them to mammalian ear ossicles. As pointed out earlier, the structure of the quadrate and post-dentary jaw bones is related primarily to the functional requirements of mastication. However, it can be shown that these bones are also clearly preadapted to becoming a functional part of the transformer mechanism of the middle ear, requiring only the addition of an appropriate tympanum.
The articular with its recurved retroarticular process is closely comparable to the mammalian malleus with its recurved manubrium (Fig. 8) . The nearly cylindrical rod of post-dentary elements already forms an axis of rotation about which the lever arm of the retroarticular process could pivot. All that would be required to convert it into a functional malleus would be to free the post-dentary rod from the dentary and create a joint between the angular and the fused articular-prearticular complex. The angular would have to be fixed, initially by connective tissue and later by direct attachment to the skull.
The tritylodontid quadrate at first glance bears little resemblance to the mammalian incus, but a case can be made for homologizing the long postero-dorsally-directed process with the crus brevis of the incus. The crus longus, to which the stapes attaches,
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FfG. 8. Quadrate and articular complex of a tritylodontid oriented so as to compare with the ossicular lever system of the mammal in Fig. 7 . Abbreviations as in Fig. 7. is not certainly identifiable, but the posteriorly-directed flange on the quadrate of Oligokyphus (Fig. 5B) has been interpreted by Kiihne (1956) as a possible stapedial process. If this interpretation is correct, then the quadrate-stapedial contact in tritylodontids already lies behind the axis of rotation of the quadrate, which means that the lever arm of the incus is already present in therapsids.
Thus, if the long axis of the quadrate were oriented on a line with the rod of post-dentary elements, as in Figure 8 , then a rotational movement of the post-dentary rod, initiated by a force acting on the tip of the retroarticular process, could be transmitted to the quadrate which would then rotate about its long axis. This movement would be transmitted via the stapedial process to the stapes, the footplate of which would then be forced into the fenestra ovalis.
The ear region of Bienotherium demonstrates that the late cynodont ear was preadapted to becoming a mammalian ear even though all of its components were not engaged in the business of hearing. The two steps necessary to bring about the transfer of quadrate and articular to the ear are, first, the establishment of the new articulation of the jaw between dentary and squamosal, and, second, the expansion of the tympanum to "capture" the retroarticular process.
THE ORIGIN OF THE MAMMALIAN MIDDLE EAR
Once the dentary-squamosal contact was established, the dentary condyle would gradually expand and take over the supportive function of the quadrate and postdentary jaw bones." These elements would be gradually reduced in size and become decreasingly important in the jaw joint. At some stage in this transfer, the reptilian depressor mandibulae muscle would lose its effectiveness as a jaw-opener. Its function would be taken over by a therian-type digastric or a monotreme-type detrahens mandibulae (see below) and it would disappear.
2 The retroarticular process would not be lost with the loss of the depressor mandibulae because it would still serve for the insertion of that part of the pterygoideus musculature which is the homologue of the mammalian tensor tympani muscle. The earliest known mammals were all extremely small animals, much smaller than any known therapsids. Among living mammals, the smaller ones, such as various insectivores, have relatively larger tympanic membranes than do larger mammals (Henson, 1961) . If a reduction in body size were a trend in the origin of mammals from therapsids, then there may have also been a correlated relative increase in the size of the tympanum in these forms. Inasmuch as the middle ear cavity of Bienotherium lay medial to and extremely near the retroarticular process, it would have been a very simple matter for an enlarging tympanum to surround the retroarticular process at a time when this process had lost the insertion of the depressor mandibulae and was already quite reduced in size.
Once this occurred, the mammalian chain of middle ear ossicles would become functional, and from the start the added lever would probably be more effective at conducting and amplifying sound vibrations than the relatively inefficient piston formed by the cynodont stapes in direct contact with the tympanum. This old one-ossicle mechanism would be rapidly replaced by the more sensitive mammalian three-ossicle system.
The new transformer mechanism would be improved quite early by the loss of any contact of the tympanum with the quadrate (= incus) or with the cxtrastapes, for such contact would "short-circuit" the lever 2 The reptilian depressor mandibulae may have been replaced by a mammalian depressor before the dentary-squamosal contact was established; however, because the monotreme and therian depressor muscles are not homologous and must have originated after these groups separated (see p. 449), one must assume either a separation at a very late therapsid or early mammalian stage or else an earlier separation with a great deal of subsequent parallel evolution. In view of the many similarities which exist between them, I favor the former alternative.
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Pars Tenso I r IG. 9. Diagrams illustrating contrasting theories o£ the evolution of the mammalian middle ear from an advanced cynodont. A, three stages in the theory presented in this paper. Stage 1 is based on BienoIherium; in stage 2 the dentary is that of Morganucodon and in stage 3 it is that of Amphitherium. V>, three comparable stages in the theory of Westoll system. The extrastapes would be lost and the posterior part of the tympanum would probably shift antero-ventrally away from the incus. In addition, the incus and the head of the malleus would be taken into the cavity of the middle ear and become suspended by ligaments in an air space. This would greatly increase their sensitivity to slight vibrations. The new space within the tympanic cavity in which they come to lie is the epitympanic recess, and the membrane forming its outer wall is the pars flaccida, newly formed by the contact of the lining of the recess with the medial wall of the external auditory meatus (see Fig. 9A ).
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Pars Tensa (simplified from Westoll, 1945 In what is probably the most widely-accepted theory to date on the origin of the middle ear, namely that of T. S. Westoll (1943 Westoll ( , 1944 Westoll ( , 1945 , the functional part of the mammalian tympanum, i.e., pars tensa, is considered to be a neomorph formed by the contact of a mandibular diverticulum, held by the reflected lamina, with the outer skin (Fig. 9B) . The pars flaccida is believed to be the remains of a no longer functional reptilian tympanum retaining roughly the same position it had in therapsids. Histologically, the pars flaccida is more similar to the reptilian tympanum than is the pars tensa (Vaughn, 1955) is not clearcut (Henson, 1961) , and I believe the differences between the two parts of the mammalian tympanum are reflections of their differing functions in the mammalian ear rather than of their supposed phylogenetic histories.
The conversion of the reflected lamina of the angular to the ectotympanic has not yet been discussed. It is this homology that gives the strongest support to the theory that the mammalian tympanum formed de novo below and in front of the articulation of the reptilian jaw. However, this theory is not without difficulties. For instance, why would a mandibular recess form in the first place? Westoll's suggestion that it acted as a vocal resonator in or near the ear is not likely. Furthermore, there is good evidence that the notch in the reflected lamina was filled with pterygoideus musculature in all but perhaps the latest therapsids.
I believe an alternative explanation of how the reflected lamina came to hold the tympanum is possible. The reflected lamina of later cynodonts always bears a constant relation to the angle of the dentary (c/. Fig.  3D-F) , mainly, I believe, because both structures served as areas of insertion for pterygoideus musculature. After the establishment of the dentary-squamosal articulation, the angle of the dentary migrated backward to a position below the condyle (Fig. 10) . This was, I believe, related to a rearrangement of muscles consequent on the establishment of a strong jaw joint. It is probable that the reflected lamina, before it was lost from the lower jaw, moved posteriorly with the angle of the dentary so that it came into the proximity of the enlarging tympanum which, to quote Hotton (I960, p. 205), "would fall right into the arms of the angular, so to speak."
To conclude, I reemphasize the point that the origin of the middle ear mechanism of mammals was the outcome of selective pressures acting primarily on the masticatory apparatus of therapsids. Only after the mammalian level of organization was reached in this functional complex did selection act to incorporate what might be called leftover parts, fortuitously preadapted to conduct and amplify sound, into the mechanism of the ear.
Could such an ear have evolved more than once? Monotremes have a jaw-opening muscle, the detrahens mandibulae, which is part of the external adductor series and is thus totally different from the digastric muscle of therian mammals (Fig. 11) . The retroarticular process could not be taken into the ear until the reptilian depressor mandibulae was lost. However, this muscle could not be lost untU its function was first taken over by a mammalian type of jawopening muscle. Since there were at least two quite independent origins of mammalian depressor muscles, it follows that there were also at least two independent origins of the mammalian middle ear mechanism. However, a parallel origin of the middle ear in monotremes and therians is not surprising considering the strong probability that they had a common ancestor (perhaps already with a dentary-squamosal contact) in which the articular and quadrate were preadapted to becoming part of the middle ear.
